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We applied anodal, cathodal and sham stimulation to the frontal (F3/F4), parietal (CP3/CP4) and 25 frontoparietal (F3/CP4) areas. During stimulation, seventeen subjects were presented with 26 videos of an actor saying concrete or abstract sentences accompanied by related or unrelated 27 iconic or metaphoric gestures and rated to what extent gestures were related to the sentence 28 content. 29
Results: 30
We found electrode localisation-and polarisation-dependent changes in reaction times and 31 ratings for metaphoric co-verbal gestures compared to iconic gestures. Post-hoc tests revealed 32 a specific polarisation effect for frontoparietal stimulation sites: compared to cathodal stimulation, 33
anodal stimulation of the left frontal lobe decreased reaction times and relatedness assessments 34 for metaphoric conditions only. In this study, we aimed to discern the electrode localisation-and polarisation-dependent effects 117 of tDCS on the assessment of speech-gesture relatedness for metaphoric and iconic co-verbal 118 gestures that were either related or unrelated to speech content. Based on earlier fMRI data, we 119 hypothesised a specific polarisation-dependent effect of left frontal tDCS on ratings and reaction 120 times for metaphoric gestures. In particular, we predicted faster and more critical assessment 121 during left frontal anodal stimulation, reflected in reduced reaction times and ratings. 122
To disentangle the effects of electrode localisation and polarisation completely, we included two 123 frontal, two parietal and two frontoparietal conditions as well as a sham condition in our design. 124
In this way, we hoped to gain maximum insight into the relative contribution of each stimulated 125 area to co-verbal gesture processing. 126
127
Methods and material 128
Participants 129
Seventeen healthy, right-handed native German speakers were recruited via posters placed in 130 public buildings in Marburg, Germany (eleven male, six female, mean age = 36.41, SD = 12.96, 131 range = 23-59). All participants fulfilled the following inclusion criteria: right-handedness, history 132 free of mental or neurologic illness and alcohol or drug abuse, normal or corrected-to-normal 133 vision, no hearing deficits, no electric implants. All subjects gave written informed consent prior 134 to participation and received €150 as an expense allowance for participating in all seven 135 sessions. The study was approved by the local ethics committee.
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In this study, we used a DC-Stimulator from neuroConn GmbH (Ilmenau). Frontal electrodes 139 were positioned at F3/F4, while parietal electrodes were positioned at C3-P3/C4-P4 (between 140 C3 and P3/between C4 and P4), according to the 10-20 EEG system. A current of 1.5 mA was 141 applied to the head using saline-soaked sponges (0.9% NaCl, to minimise side effects, see [33] , 142
[34]), 5 cm * 7 cm) placed on rubber electrodes, resulting in a current density of 0.043 mA/cm 2 .
143
The duration of the stimulation was 10 minutes plus 10 seconds fade in/fade out. These 
170
Speech-gesture relatedness assessment task 171
From the beginning to the end of stimulation subjects were continuously presented with video 172
clips of an actor saying a concrete or abstract sentence and accompanied by a hand gesture 173 that was either semantically unrelated or related to the sentence content (see Figure 1) . 174
For each co-verbal gesture, subjects rated the relatedness ('Does the sentence content match 175 the gesture?') of the sentence content and gesture on a scale from one (very badly) to seven 176 (very well) and pressed the respective button on the keyboard. Reaction times were measured 177 from the onset of the video. 178
Two different sets of stimuli (80/set) were used to counterbalance the related and unrelated 179 counterparts of speech-gesture pairs across subjects (the first was presented to nine subjects, 180 the second, to eight subjects). Each set included 20 metaphoric related (abstract sentence + 181 
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After each session, subjects filled out a questionnaire to assess any perceived side effects, 210 which consisted of 28 items (e.g. headache, itching sensation, difficulty concentrating etc.). 211
212
Data analysis 213
Generalised estimating equations (GEE) were performed for relatedness ratings and reaction 214 times, as implemented in SPSS Statistics 19 for Windows by IBM. GEE was chosen because it 215 works well even in cases of unmeasured dependence between outcomes and was thus useful 216 for our complex, repeated-measures design. We used an AR (1) working correlation structure 217 and robust (sandwich) covariance estimators for the regression coefficients. The identity link 218 function was selected for both reaction times and ratings. 219
We included the following predictors in our model: 220 Based on our hypothesis, we were interested in whether there would be localisation-and 226 polarisation-dependent effects on gesture type and/or relatedness (i.e. significant effects for the 227 interactions localisation * polarisation * gesture type and localisation * polarisation * 228
relatedness). 229
To further explore the importance of electrode polarisation, we performed post-hoc testsM A N U S C R I P T
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To explore stimulation effects and sham stimulation, a second GEE analysis was performed. 233
Instead of the factors localisation and polarisation used in the first analysis, here, we used the 234 single factor stimulation (LFC-RFA, LFA-RFC, LPC-RPA, LPA-RPC, LFC-RPA, LFA-RPC, 235 sham), therefore allowing us to include the sham condition in our analysis. 236
237
Results
238
Side effects 239
Overall, tDCS was well tolerated: no serious side effects or significant discomfort were observed 240 during or after the experiment. Comparing real and sham stimulation, we found that side effects 241 were reported to a significantly larger extent after real stimulation but still remained at a very low 242 level (p = .001, overall mean for real stimulation = 1.54, SE = .10; overall mean for sham 243 stimulation = 1.36, SE = .10; on a scale from one to five) and did not differ between the real 244 stimulation conditions. Accordingly, subjects perceived the stimulation intensity as being 245 significantly higher for real simulation than for sham stimulation (p < .001, mean for real 246 stimulation = 2.53, SE = .21; mean for sham stimulation = 1.57, SE = .26). 247
Reaction time 248
(See Table 1 and Figure 2) : 249
The main effect of relatedness did not reach significance, indicating that subjects were able to 250 respond equally fast to both related and unrelated stimuli. The main effect of gesture type, on 251 the other hand, was significant (p < .001). Subjects responded significantly slower for 252 metaphoric stimuli. 253
Importantly, there was a significant interaction: localisation * polarisation * gesture type, (p = 254
.020, see Table 1 Table 1 and Figure 2) : 267
The main effect of relatedness was significant (p<.001), indicating that the stimuli could reliably 268 be differentiated into related and unrelated stimuli. We did not find a significant main effect for 269 gesture type, confirming that the type of co-verbal gesture had no effect on whether subjects 270 judged stimuli as being more or less related. 271
Importantly, there was a significant interaction localisation * polarisation * gesture type (p = 272 .002). Furthermore, the main effect of polarisation resulted in a trend (p = .058). The interaction 273 localisation * polarisation * relatedness did not reach significance. 
Comparison with sham condition 292
To explore the tDCS effects and sham stimulation, we ran a second GEE analysis including all 293 seven conditions (Table 3) . Concerning reaction times, we again found a significant effect for the 294 interaction of stimulation and gesture type (reaction time: p = .033; rating: p = .004), confirming 295 the results of our main analysis. Furthermore, here, the interaction stimulation * relatedness (p = 296 .006) became significant for reaction times. For relatedness ratings, this interaction resulted in a 297 trend (p = .062). 298 299 
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The ability to understand the semantic relationship between verbal and non-verbal information -303 such as speech and gestures -is relevant for social interaction and communication in an 304 interpersonal context. In this study, we tested the hypothesis that different neural mechanisms 305 contribute to the assessment of the semantic relationship between speech and gesture, 306 depending on whether utterances refer to abstract or concrete information. Compared to iconic 307 co-verbal gestures, we found electrode localisation-and polarisation-dependent changes in 308 reaction times and ratings for metaphoric gestures. We also demonstrated for the first time the 309 specific relevance of the left frontal cortex for processing metaphoric gestures. Naturally, the 310 anatomic specificity of this kind of tDCS study will always be limited and results have to be 311 interpreted with caution. Nevertheless, our data clearly support the assumption that there are 312 remarkable differences between the neural processing of metaphoric and iconic co-verbal 313
gestures. 314 315
Co-verbal gesture processing 316
In line with previous evidence from fMRI studies (e.g. [7] , [14], [5]), we found a marked effect of 317 left frontal tDCS for metaphoric gestures -but not for iconic co-verbal gestures -in a speech-318 gesture relatedness assessment task. Both reaction times and ratings of relatedness decreased 319 for left frontal anodal stimulation when the presented gestures were metaphoric in nature. This 320 effect strongly implies that the left IFG is functionally more relevant for processing metaphoric 321 co-verbal gestures than it is for processing iconic co-verbal gestures. 322
Faster reaction times and reduced relatedness ratings after anodal stimulation suggest that the 323 left frontal cortex plays a specific role in the relatedness assessment of metaphoric gestures. 324
The direction of the effect indicates that participants were not only faster at evaluating 325 metaphoric gestures but also more critical in terms of the semantic relation. Even though we 326 cannot differentiate between the different processes in which the left frontal lobe may beM A N U S C R I P T
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involved, it is likely that the construction and assessment of a semantic relationship between 328 speech and gesture information is influenced by tDCS. 329
At first glance, it might seem surprising that we did not observe significant differences for the Our second analysis, which included the sham condition, did, on the other hand, reveal some 366 relatedness dependence. However, the second analysis should be considered with caution since 367 the sham condition was always one of the first four stimulation sessions and is therefore not 368 entirely comparable with the other conditions. 369
While substantial differences could possibly exist between the processing of related and 370 unrelated co-verbal gestures, our study does not provide unambiguous evidence for 371 relatedness-dependent effects of tDCS. Wald ChiSquare Sig. Source df
Tests of model effects
